With increasing population and freshwater shortages worldwide, it is necessary to protect vital groundwater resources using innovative methods. The main objective of this study is to use a geographic information systems (GIS)-based approach with the Groundwater Quality Index (GWQI) to analyze groundwater quality in Marvdasht located in the semi-arid region of Iran. For this purpose, we used groundwater quality data that were collected in a five-year period (2010)(2011)(2012)(2013)(2014)(2015). The most influential water quality parameters were determined by performing map removal sensitivity analysis. Mean maps of the groundwater parameters showed that total dissolved solids (TDS), electrical conductivity (EC) and total hardness (TH) were the most important parameters that exceed the maximum permissible limits for drinking water. The groundwater quality of the study area is generally desirable for drinking (GWQI ¼ 71). The GWQI map indicated that groundwater was higher quality in northern regions of the study area. The GWQI also revealed that only 2% of the study area (11 km 2 ) was below the low quality class. According to map removal sensitivity analysis, Mg 2þ , TH and Na þ were identified as the most sensitive water quality parameters. Therefore, these parameters need to be monitored regularly and with increased precision.
in a variety of ways. However, in all methods, the effect of various water quality parameters is presented in the form of a single dimensionless number indicating the quality of water (Heshmati ). The Groundwater Quality Index (GWQI) is an indicator of water quality and suitability drinking. One of the advantages of GWQI is the flexibility that it allows in choosing the number of parameters in the calculation. To calculate the GWQI, WHO standards for drinking water are commonly used (Babiker et al. ; Heshmati ; Tiwari et al. ) . First, a number of groundwater chemical parameters are measured. After performing spatial processing, a map of each parameter is provided. In the last step, by computing maps obtained from the qualitative water parameters, the GWQI index map is extracted (Machiwal et al. ) .
Sandara-Kumar et al. () evaluated the groundwater qual-
ity assessment of West-End (India) using the GWQI. In this study, the parameters of pH, EC, turbidity, chloride and total hardness (TH) were measured and the GWQI index was calculated. According to GWQI, groundwater quality for drinking was found to be inadequate. Reza & Sing () used GWQI for Orissa groundwater assessment in India. They collected water samples from 24 wells in summer and winter and they used TDS, pH, TH, turbidity, Cl -, Ca 2þ and Mg 2þ to calculate the GWQI index. The GWQI ranged from 14 to 57 and 19 to 67 in the summer and winter, respectively.
Geographic information systems (GIS) have emerged as a powerful tool for storing, analyzing, and visualizing spatial data to assist the decision making process in many fields of study. GIS provide an efficient environment for fast organiz- 
Sampling and analysis
To assess the water quality, data from 49 agricultural wells were collected over the study area ( Figure obtained using a hand-held GPS. The mean water 
where Ca 2þ and Mg 2þ are calcium and magnesium (meq/L).
Groundwater Quality Index
The steps for developing the GWQI are illustrated in Step 1: Concentration maps
In order to create maps of all 11 chemical parameters, the inverse distance weighting (IDW) method was used in ArcGIS 9.3 software (ESRI Inc. ).
Step 2: Generation of normalized difference maps Equation (2) was used to construct the normalized difference maps of each parameter (NI) as follows:
where C is the value of each pixel for each concentration map.
C m is the highest desired value of each parameter according to standard values for each parameter suggested by WHO ()
for drinking water (Machiwal et al. ) . In the resulting maps, the value of each pixel is between À1 and þ1.
Step 3: Generation of rank maps
Each NI map was converted to a rank map which has a pixel value between 1 and 10. Ranks 1 and 10 indicate the lowest and highest influence on groundwater quality, respectively.
The rank map of each NI map was obtained using the following polynomial equation (Babiker et al. ) :
where R is rank value that corresponds to its NI value, and NI is the normalized map of each parameter. The average of the pixels for each parameter were extracted from the ranking map and used as the weight/or score of the each parameter.
Step 4: Preparation of Groundwater Quality Index map Finally, Equation (4) was used for the generation of the GWQI map:
where R is computed using Equation (3) for each parameter, W is a relative weight of the parameter which is calculated from the mean value (R) of each rank map (1-10), and N is the number of parameters used in the analysis. The values of the pixels in the GWQI map range from 0 (low groundwater quality) to 100 (high groundwater quality).
The weight (W ) allocated to each parameter reveals its relative importance to groundwater quality and corresponds to 
where V wi ¼ variation index (%) without ith rank map, GWQI ¼ Groundwater Quality Index with all the 11 rank maps, and GWQI wi ¼ Groundwater Quality Index without ith rank map.
RESULTS AND DISCUSSION

Concentration maps
Summary statistics of physico-chemical parameters are given in Table 1 which also shows the maximum allowable limits of various parameters according to WHO ().
Spatial variation of groundwater quality parameters of the Marvdasht aquifer based on the WHO standards for drinking water are mapped in Figure 3 . The pH value of groundwater varied from 7.30 to 8.25 with an average value of 7.70 (Table 1 ). This shows that the groundwater of the study area is mainly alkaline. Figure 3(a) shows that the majority of the study area (396 km 2 ) is within the desirable limit of pH (7-8.5) and 28% of the area (154 km 2 ) is beyond the permissible limit.
The EC values ranged from 35.9 to 14,697.0 μS/cm with an average value of 4,001.2 μS/cm (Table 1 ). It was found that EC in 57.1% of samples were within the desirable limit (0-1,500 μS/cm), 8.1% of the samples fall in the not-permissible range (1,500-3,000 μS/cm) and 34.6% of samples are within the not-permissible limit, which are classified as hazardous according to the WHO standard.
Only 19% of the study area (107.0 km 2 ), located in a small portion of the northern part of the study area, has an EC More than 78% (432 km 2 ) of the study area is above the permissible limit (>30 mg/L) (Figure 3(f) ).
The concentration of Na þ varied from 6.0 to 2,200.4 mg/L (Table 1) . Sixty-one per cent of the samples are below the maximum desirable limit (<200 mg/L) of WHO () in 56% of the study area (309 km 2 ). The remaining area is beyond the permissible limit (>200 mg/L) (Figure 3(j) ). The concentration of K þ ranged between 0.5 and 32.0 mg/L (Table 1 ). Figure 3(h) illustrates that the majority of the area (67%) has K þ concentrations within its maximum desirable limit (<12 mg/L), whereas 33% of the area in southern areas have K concentration levels above the permissible limit (>12 mg/L).
Minimum, maximum and mean of bicarbonate concentration was 100.0, 552.1 and 309.1 mg/L, respectively (Table 1) (Table 1) . Sixty per cent of the samples in 43% of the study area (238 km 2 ) are below the desirable limit of SO 4 2-in the north of the study area (Figure 3(m) ). The Cl -varied between 13.5 and 5,117.7 mg/L with an average value of 941.6 mg/l (Table 1) . According to WHO (), 28.5% of groundwater samples exceed the maximum allowable limit of Cl -(600 mg/L). Figure 3 (n) reveals that nearly 50% of the study area is in the permissible limit of Cl -(600 mg/L).
GWQI map
The mean Groundwater Quality Index map of Marvdasht aquifer is shown in Figure 4 . As revealed in Figure 4 , the groundwater quality of Marvdasht is generally good (mean GWQI ¼ 29 and maximum GWQI ¼ 100). The GWQI are classified into 10 classes at 10% intervals (Figure 4 ). The first three classes (GWQI from 80 to 100) which cover 47% of the study area (267 km 2 ) are classified as Highquality. The next four classes (GWQI from 40 to 70) are considered as Moderate-quality and cover 44% of the study area (242 km 2 ). The last and smallest three classes (GWQI from 0 to 30) cover just 2% of the study area (11 km 2 ) and are assigned a Low-quality class (Figure 4 ). Statistics of the 11 rank maps (parameters) used to calculate GWQI are illustrated in Table 2 . It can be seen in Table 2 that the parameter of Mg 2þ with the highest mean rank value (5.48) has the largest impact on spatial Sensitivity of groundwater quality parameters 
CONCLUSIONS
This study was carried out in the Marvdasht aquifer located in a semi-arid region of Iran to evaluate groundwater quality using five years (2010) (2011) (2012) (2013) (2014) (2015) of groundwater quality data.
The mean maps of 11 groundwater quality parameters showed that except for TDS, EC and TH, other water quality parameters were almost within the permissible limits for drinking water according to WHO (). A GWQI of 71
indicates that Marvdasht groundwater is generally good quality for drinking. The GWQI map revealed that the northern region of the study area had the best quality groundwater. However, based on the maximum permissible limit for drinking water, poor quality groundwater exists in only 2% of the study area in the south and southwestern regions. The GWQI GIS-based map methodology used in this study is a simple way to understand and interpret the groundwater quality, and to assist water resources managers 
